ABSTRACT: Construction sequence simulation analysis of a practical suspen-dome of Jinan Olympic Center is discussed in the present paper. Suspen-dome is a kind of advanced large-span space structure which is composed of an upper single-layer latticed shell and a lower cable-bar system. It is also a kind of hybrid system due to a combination of cable elements, bar elements and beam elements. Construction errors and temperature fluctuation are of importance and need to be taken into consideration during the construction process. The construction error of the structure is simulated by using the random imperfection modal method. Using the integral structure model including the concrete supporting system, the effect of the temperature variation on the suspen-dome is analyzed. The construction of suspen-dome is a little complex due to the interaction between the upper single-layer latticed shell and the lower cable-bar system. The configurations of the structure during the construction could be determined by an inverse analysis method or a mixed analysis method depending on the stages adopted in each construction scheme. And the influence to the lower cable-bar system caused by the setting-up errors at nodes is studied on the basis of one feasible construction scheme. Some meaningful and universal conclusions are given out.
INTRODUCTION
Structural design of the spherical suspen-dome with a diameter of 122m was carried out in 2006. This multi-purpose gymnasium locates in Jinan City, China. The arena has an approximate architectural area 60,000 m 2 which can accommodate more than 12,000 audiences for the local Olympic Games held in 2009. Suspen-dome with a diameter of 122m and a rise of 12.2m is chosen as the roof of this gymnasium (Figures 1 and 2) . The finite element model of the upper single-layer reticulated shell consists of two-node beam element. The section of the two-node beam element is a circular thin-wall steel pipe with a diameter of 377mm, and thickness of 14mm or 16mm. A Sunflower-Kiewitt hybrid lattices is adopted for the upper spherical single-layer reticulated shell. Three hoops of cable-bars of Geiger type are adopted as the lower tensile system. Details of some typical joints are shown in Figures 3 to 5, such as support joint on the ring beam and two types of cable-struts joints.
Suspen-dome could be regarded as a cable-dome with the ridge cables substituted by a single-layer latticed shell. Compared to cable dome, suspen-dome is more rigid and can resist greater external loads. Further more, suspen-dome usually has a better flexibility to boundary conditions than cable dome. The structure is a kind of advanced hybrid space structures composed of beam elements, bar elements and cable elements [1] . The suspen-dome with a diameter of 122m of the gymnasium of Jinan Olympic Center is the largest in the world at present. A rise to span ratio of less than 0.15 is recommended by Kitipornchai [2] . carrying capacity of the structure have been conducted. Also some design methods of pre-tension have been discussed by many researchers [4] . Unfortunately, the construction sequence simulation analysis has not been adequately investigated. More than ten suspen-dome roofs have been fabricated in the world especially in Asia. However, construction sequence simulation of cable-strut systems may be beneficial to the suspen-dome for the existence of the lower cable-bar system is to stiffen the upper single-layer latticed shell. Only implementing pre-tension to the diagonal cables, only implementing pre-tension to the hoop cables and only adjusting the length of struts are three basic methods for the construction of cable-dome [5] . But there are many difficulties in construction sequence simulation analysis of cable-dome for the coupling of mechanism displacement and elastic deformation during the construction. Nonlinear flexibility method was studied in the analysis of erection process of cable-dome by Luo [6] . However, it is not proper for the large-scale space structure because of the non-symmetric of the stiffness matrix. By controlling the original length of cables during the construction process, nonlinear finite element method was used to construction sequence simulation analysis of cable-dome by Shen [7] . Dynamic relaxation method was adopted to simulate the construction process of cable-struts by Zhang [8] . Because of the variation of geometry and component stress during the configuration process, it is pointed out by Chen [9] that only the equilibrium state of the structure after the completion of a construction stage should be considered. Inverse analysis method was proposed by Yuan [10] to simulate the construction of cable-domes step by step. However, the aforementioned studies are subject to the construction of cable dome but not for the suspen-dome. An experiment carried out by Li [11] confirmed that the suspen-dome could be constructed by implementing pre-tension to the hoop cables. Without consideration of the construction errors Li [12] simulated the construction process of a suspen-dome by a direct analysis method.
Construction sequence simulation analysis of suspen-dome is a little complex due to the interaction between the upper single-layer latticed shell and the lower cable-bar system. Actually, a considerably degree of error may be introduced if an inappropriate approach is applied to complete the analysis. Two kinds of simulation analysis methods are proposed in the present paper without any computational problems. The configuration of the structure during each construction step is determined by different methods depending on the construction stages being proceeded. Construction errors and temperature changes are of importance and need to be taken into consideration. On the basis of a practical suspen-dome roof of Jinan Olympic Center, the imperfection sensitivity and other factors effective are addressed. Construction errors of the structure are simulated. Random Imperfection Modal Method, in which a randomly generated imperfection samples subjected to a normal distribution, is applied. Using the integral structure model including the concrete supporting system for a more rational FEM analysis, the effect of temperature variation on the cable-bar system is investigated.
FORCE FINDING ANALYSIS
The lattice of the upper single-layer reticulated shell of this practical suspen-dome is combined with the Kiewitt style inside and the Lamella style outside (Figure 1 ). The span of the structure is 122m with a rise-to-span ration of 1/10. The shape of the lower cable-bar system is rib-ring type. Three hoops of cable-bar system are designed to improve the structural performance. The suspen-dome is pin-jointed on the lower reinforced concrete ring beam with the perimeter nodes being restrained in all directions. Figure 2 shows a typical frame of the lower cable-bar system. Typical nodes A, B and C are the top points of the compressive bars, and node D (not shown in Figure 2 ) is the central node of the upper single-layer latticed shell. The pre-tension force of the lower cable-bar system could be found according to local analysis method [13] [14] . Considering to improve the structural characteristic of the upper single-layer latticed shell and to reduce the reaction force of the bearings due to a small rise-to-span ratio, the optimized pre-tension distribution is listed in Table 1 .
PARAMETRIC ANALYSIS OF THE SUSPEN-DOME

Boundary Conditions Effects On The Single-layer Latticed Shell
Either pin-joints or rigid-joints could be applied to be the boundary joints. But at the viewpoint of design and fabrication, structures with the boundary joints being pinned are more widely used in the actual situation for the difficulty of ideal rigid-joint assumption. The effect of different boundary conditions on the upper single-layer latticed shell is shown in Table 2 . The vertical displacement at node D named U D is almost the same under different boundary conditions. The vertical and radial horizontal reaction forces of the bearings named R H and R V are very close. However, the moment of the bearings could not be neglected when the suspen-dome is rigidly-jointed with ring-beam. The pin-jointed assumption is applied to the following analysis. 
Construction Errors Effects On The Single-layer Latticed Shell
A normal distribution assumption is applied to the nodal spatial position imperfection. The effect of construction errors on the single-layer latticed shell is listed in Table 3 , which is investigated by random imperfection modal method. The maximum deviation ratio of the reaction force R R is confined in approximately 5% when the maximum construction error is less than 0.15m. The vertical displacement of node D named U D does not change too much as the maximum construction error increases. 
The Equilibrium State of Suspen-dome Fabricated
The single-layer latticed shell is firstly installed. The suspen-dome woks without cladding/facility appended after the cable-bar system tensioned. N respectively. With consideration of the self-weight and live load during the normal state, the axial internal-force of the cable-bar system is shown in Table 4 . 
Construction Errors and Temperature Effects on -Suspen-dome
Some difference lies in the effect of construction errors and temperature variation on the suspen-dome with the boundary nodes being pin-jointed and rigidly-jointed. Without consideration of the elastic stiffness of the concrete supporting system, the effect of construction errors and temperature variation on the axial internal-force of cable-bar system is shown in Table 5 and Table  6 , respectively. the effect of construction errors and temperature variation on the displacement and reaction force is listed in Table 7 and Table 8 . The value of column R μ denotes the maximum deviation ratio between the mean axial internal-force and the design pre-tension among each group of cable-bar elements. The value of column R σ denotes the maximum deviation ratio between the axial internal-force standard deviation and the mean axial internal-force among each group of cable-bar elements. The value of column R RH describes the maximum deviation ratio of the horizontal reaction force while the value of column R RV is the vertical reaction force. Tables 5 to 8 that construction errors have a little effect on horizontal reaction force, but a significant effect on vertical reaction force. However, the effect of temperature variation on reaction force is on the contrary. It is also concluded that construction errors have little effect on the mean axial internal-force among each group of the cable-bar elements, but a significant effect on the standard deviation of the axial force. And the effect of temperature variation on the axial force among each group of the cable-bar elements is on the contrary. The guaranteed rate of the normal distribution between μ-σ and μ + σ is only 68.3% while between the interval (μ-3σ, μ+3σ) is 99.7%. Hence it is evident that maximum construction error should be under 0.03m for the deviation of axial force may be limited within 5.25%. Figure 6 . The Integral Model of the Gymnasium
Temperature Effects Based on the Integral Structure Analysis
The upper steel structure and the lower concrete supporting structure have a compatible state of deformation in real conditions. It may not be more rational to investigate the effects of temperature variation on the upper steel structure with the boundary nodes being pin-jointed without the consideration of the elastic stiffness contribution of the lower concrete supporting system. The linear thermal expansion coefficient of the concrete is very close to the steel. The effect of temperature variation on the axial force of the cable-bar element decreases while the integral structure model ( Figure 6 ) with the lower concrete supporting system is adopted. The results are summarized in Table 9 . 
CONSTRUCTION SEQUENCE SIMULATION ANALYSIS OF SUSPEN-DOME
The lower cable-bar system plays an important role in the resistance of the external loads. Implementing pre-tension to hoop cables and adjusting the length of struts could be used to complete the fabrication of suspen-dome. However, the method of implementing pre-tension to diagonal cables is used in the present paper. So the elements of group 2, group 5 and group 8 are used as actively-pre-tensioned cables.
Both mechanism and mechanical analysis must be carried out during the construction sequence simulations for the coupling of mechanism displacement and elastic deformation [14] . The configuration and the pre-tension force distribution of the suspen-dome vary with the construction process. The equilibrium state of the structure will be obtained if the configuration or the pre-tension distribution of the suspen-dome is determined during the construction.
Pre-tension contributes much to the increment of the ultimate carrying capacity of suspen-dome. It is noted that the configuration of the structure could be identified exactly as the pre-tension distribution is determined by nonlinear finite element analysis. The determination of the initial status without pre-tension is very difficult for the large degree of indeterminacy of the structure. The inverse analysis method could be applied to the identification of the configuration and the pre-tension distribution during the construction if a single-stage fabrication scheme is adopted, based on the state of the structure fabricated. Firstly, the state before the last step could be determined by killing elements fabricated at the last step. The rest may be deduced by analogy and the state of each step could be identified by killing elements fabricated at the next step. According to the inverse analysis method, the controlling parameters including the pre-tension and configuration of the structure in each construction step could be identified by removing the diagonal cables in sequence. Each equilibrium state during the construction could be determined. This method has an advantage of clear in conception and convenient in computation. And the ideal state of the structure given out byarchitects could be obtained if the inverse analysis method is applied to construction sequence simulation.
However, the inverse analysis method may result in a problem of high construction costsince the diagonal cables are tensioned for only once. Therefore, a multi-stage fabrication scheme may be necessary to reduce construction cost. And a mixed animation analysis method composed of inverse analysis firstly and direct analysis secondly with acceptable accuracy is proposed in the paper, while a multi-stages fabrication scheme is applied to the construction. The inverse analysis is used to obtain the intermediate state for purpose of decreasing the axial internal-force of cables at the first stage while the direct analysis is used to obtain the controlling state at the second stage. The mixed animation analysis method could be used in the engineering practice very well for better applicability and lower construction cost.
Three construction schemes are presented in details from Section 4.1 to Section 4.3.
Scheme 1
A single-stage fabrication scheme is adopted in this Section. Each group of diagonal cables is tensioned respectively for only one time. Tensile force at each step could be obtained in the equilibrium state by killing elements fabricated in the next step. As shown in Figure 7 , the sequence of the construction in scheme 1 is as follows: Step 1, 50.2% of the designed pre-tension is imposed to the elements of group 8 (the inner hoop of diagonal cables);
Step 2, 50.56% of the designed pre-tension is imposed to the elements of group 5 (the middle hoop of diagonal cables);
Step 3, 100% of the designed pre-tension is imposed to the elements of group 2 (the outermost hoop of diagonal cables);
The steps of the animation analysis are opposite to the sequence of construction. Hence, the inverse analysis method is adopted. The sequences of animation analysis are presented in the following text:
Step 1, the equilibrium state of the structure and the tensile force of the actively-pre-tension cables described in the aforementioned text are obtained by killing the elements of group 2 and 5;
Step 2, the equilibrium state and the tensile force of the cables of group 5 could be identified by killing the elements of group 2;
Step 3, the equilibrium state and the tensile force of the cables of group 2 are equal to the ideal fabricated state of the structure;
The variation of the axial internal-force of the cable-bar elements is shown in the Table 10 , where the bold italic number denotes the controlling tensile force of the actively-pre-tension cables in each single construction step. The displacement of the structure during the construction is listed in Table 11 . Note that the tensile force imposed to the elements of group 5 and 8 are approximately 50.2% and 50.56% of the designed pre-tension respectively in this scheme. The largest tensile force of the actively-pre-tension cables is 732857N. It is shown that the nodes near to the cables being tensioned have the upward vertical displacement. The space position of each node meets the design state after the structure constructed.
Scheme 2
Figure 8. Construction Sequence in Scheme 2
A single-stage fabrication method is adopted in this scheme. The diagonal cables of cable-bar system of each ring are tensioned simultaneously. Diagonal cables in different rings are tensioned respectively for only one time. Tensile force in each step could be acquired in the equilibrium state by killing elements fabricated in the next step. As shown in Figure 8 , the construction steps in this scheme are as follows:
Step 1, 77.78% of the design pre-tension force is imposed to the elements of group 2;
Step 2, 92.76% of the design pre-tension force is imposed to the elements of group 5;
Step 3, 100% of the design pre-tension force is imposed to the elements of group 8;
The arrangement of this construction scheme is just on the contrary of the scheme 1. The steps of the animation in ANSYS are opposite to the actual situation. Each configuration of the structure is determined by the inverse analysis respectively since a single-stage fabrication scheme is applied according to the aforementioned text. The sequences of animation analysis by the nonlinear finite element method in ANSYS are presented as follows:
Step 1, the equilibrium state and the tensile force of the elements of group 2 are obtained by killing the elements of group 5 and 8;
Step 2, the equilibrium state and the tensile force of the elements of group 5 are computed out by killing the elements of group 8;
Step 3, the equilibrium state and the tensile force of the elements of group 8 are just the ideal fabricated state of the structure; The variation of the axial internal-force of the cable-bar elements is given out in Table 12 . The bold italic number denotes the controlling tensile force of the actively-pre-tension cables in each construction step. The displacement of the structure during the configuration is shown in Table 13 . Note that the tensile force exerted to the elements of group 2 and 5 are approximately 77.78% and 92.76% of the designed pre-tension. The largest tensile force of actively-pre-tension cables is 570046N in this scheme. It is noted that the configuration of the structure is close to the design state after the completion of the implement of the elements of group 2 and 5. It implies that the contribution of the implemented pre-tension of the elements of group 8 to the fabrication of the suspen-dome could be omitted. And the nodes near to the cables being tensioned have a positive vertical displacement. It seems that the position of each node meets the design state after the structure constructed.
Scheme 3
A two-stage fabrication method is adopted in this scheme. The actively-pre-tensioned cables are tensioned simultaneously in each step. Diagonal cables in different rings are tensioned respectively for twice. Tensile force of each step in stage 1 is assumed to 50% of the design pre-tension. Tensile force of each step in stage 2 could be acquired in the equilibrium state by killing elements fabricated in the next step. The arrangements of the construction are as follows:
Step 1, 50% of the design pre-tension is imposed to the elements of group 2;
Step 2, 50% of the design pre-tension is imposed to the elements of group 5;
Step 3, 50% of the design pre-tension is imposed to the elements of group 8;
Stage 2:
Step 1, 79.44% of the design pre-tension is imposed to the elements of group 8;
Step 2, 84.4% of the design pre-tension is imposed to the elements of group 5;
Step 3, 100% of the design pre-tension is imposed to the elements of group 2;
A mixed analysis method combined with the inverse analysis and direct analysis is applied to the construction sequence simulation of the structure in this scheme. Each configuration of the structure during the construction is determined by the nonlinear finite element analysis. The tensile force of the actively-pre-tension cables of group 8 and 5 should be set to approximately 79.44% and 84.4% of the designed pre-tension respectively in the stage 2. The arrangements of the animation computation are described according to the sequences of the calculations as follows:
Step 1, the equilibrium state in this step is obtained by the following three parts of analysis:
An intermediate state is obtained by the analysis of killing the elements of group 8;
A state is obtained by the analysis of killing the elements of group 5 from the latest state;
A single-point temperature stress is imposed to one end of the elements of group 2 to simulate a compressive force until the axial internal-force of the actively-pre-tensioned cables achieve approximately 50% of the design pre-tension force from the second state in this step. The temperature could be determined by some trial computations.
Step 2, the equilibrium state in this step is obtained by the following two parts of analysis:
An intermediate state is obtained by the analysis of alive the elements of group 5 being killed from the state of step 1 firstly;
A single-point temperature stress is imposed to one end of the elements of group 5 to simulate a compressive force until the axial internal-force of the actively-pre-tension cables achieve approximately 50% of the design pre-tension from the latest state in this step. The temperature could be determined by some trial computations.
Step 3, the equilibrium state in this step is obtained by the following two parts of analysis:
An intermediate state is obtained by the analysis of alive the elements of group 8 being killed from the state of step 2 firstly;
A single-point temperature stress is imposed to one end of the elements of group 8 to simulate a compressive force until the axial internal-force of the actively-pre-tension cables achieve approximately 50% of the design pre-tension from the latest state in this step. The temperature could be determined by some trial computations.
Step 1, the temperature of the end of the elements of group 8 which is used as the actively-pre-tension point in the last stage should be set to zero for the reason of energy conservation. And then the axial internal-force of the actively-pre-tension cables achieve approximately 79.44% of the design pre-tension force after the analysis completed;
Step 2, the temperature of the end of the elements of group 5 which is used as the actively-pre-tension point in the last stage should be set to zero for the reason of energy conservation. It is noted that the axial internal-force of the actively-pre-tension cables achieve approximately 84.4% of the design pre-tension force after the nonlinear analysis finished;
Step 3, the temperature of the end of the elements of group 2 which is used as the actively-pre-tension point in the last stage should be set to zero for the reason of energy conservation. Note that the axial internal-force of the cables and bars achieve approximately 100% of the design pre-tension force after the computation fulfilled;
The variation of the axial internal-force of the cable-bar elements is shown in Table 14 while the displacement of the structure during the fabrication is presented in Table 15 . The bold italics number in Table 14 denotes the controlling force of the actively-pre-tensioned cable in each construction step. The tensile force of the elements of group 8 in the stage 2 is 79.44% of the design pre-tension but not 100%, while those elements of group 5 in the stage 2 is 84.4% of the design pre-tension. A desired axial internal-force of each element is recorded when the last construction step completed. The nodes which are close to the actively-pre-tension cables have a positive vertical displacement. It is noted that the position of each node meets the design state after the structure constructed. A mostly economical construction method of scheme 3 could be regarded for the lowest magnitude tensile force of the actively-pre-tensioned cables in the above 3 schemes with the maximum value of 366615N during the construction. Therefore, cheaper equipments could be used for the construction. In this scheme the structure rigidity is shaped gently and engineers have more chance to adjust the construction errors. Step 1
Step 2
Step 3
Step 4
Step 5
Step 
NODAL SPTIAL POSITION ERROR EFFECTS ON CONSTRUCTION
The effect due to nodal spatial position errors on the lower cable-bar system during the construction is analyzed. Based on the Scheme 1 of fabrication, the effect of the nodal position errors is investigated by using random imperfection modal method where the randomly normal distribution imperfection samples are generated. The effects of different magnitude of nodal position errors at all construction steps are listed from Table 19 to Table 20 . Since guarante rate of the normal distribution between μ-σ and μ + σ is only 68.3% while between the interval (μ-3σ, μ+3σ) is 99.7%, it is obvious that the maximum nodal spatial position error should be under 0.03m with the deviation of axial internal-force may achieve the limited value of approximately 11.4%. 
CONCLUSIONS
(1) Effects of different supporting conditions on the upper single layer latticed shell of the suspen-dome are not significant.
(2) Nodal spatial position errors should be restricted under an ultimate magnitude for its significant effect on suspen-dome.
(3) Little effects of construction errors on the mean axial internal-force among each group of cable-bar elements is obtained, while a great effect on the standard deviation of the axial force is obtained. And the effect of temperature variation is just on the contrary.
(4) A relatively low influence of temperature variation to the structure could be realized if integral structure model with concrete supporting system is adopted.
(5) The displacement of the structure during the construction is combined with mechanism displacement and elastic deformation. And a significant effect of the passively-pre-tension cables on the actively-pre-tensioned cables during the construction process should be much concerned.
(6) The configuration of the structure could be determined exactly as the pre-tension distribution is acquired. The inverse analysis method is suggested for the construction sequence simulation analysis of the suspen-dome if a single-stage fabrication scheme is adopted. A mixed analysis method with a combination of inverse and direct analysis proposed may be beneficial for the construction sequence simulation analysis of suspen-dome if a multi-stage-fabrication scheme is adopted.
(7) A multi-stage fabrication scheme is recommended due to low cost of construction.
